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Abstract. Irrigated artificial grasslands can help in achieving a large amount of forage in the Inner Mongolia
typical steppe areas of China. However, developing irrigated artificial grasslands requires the consumption of
water resources, and also affects the hydrological cycle. In this study, mapping evapotranspiration at high
resolution with internalized calibration (METRIC) model has been used to estimate regional evapotranspiration
during the crop growth season (from May to September) in irrigated artificial grasslands in 2011. The results
were verified based on the data obtained from eight monitoring points of irrigated silage maize farms using
water balance method, with a mean relative error value of 13.8%. The average evapotranspiration for irrigated
artificial grasslands during the crop growth season is 611.42 mm. To further analyze the consumption of local
water resources, concept of groundwater consumption (GW) is proposed. The GW value for irrigated artificial
grasslands during the crop growth season was estimated to be 457.96 mm; the GW values at each of these
farms, including Woyuan cow, Maodeng, Baiyinxile, Hezhongmumin, exceeded 400 mm. The results show
that these areas, which exhibit high water consumption face difficulties in water resource management,
particularly when there is no external water supply.
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Introduction

Irrigated artificial grasslands are arable lands planted with artificial herbage in
pastoral areas. It is supplemented by modern irrigation facilities to achieve a high forage
yield. Irrigated artificial grasslands can produce a large amount of forage in the Inner
Mongolia typical steppe areas of China (Niu and Jiang, 2004). The development and
construction of irrigated artificial grasslands on a significant scale in the areas with
better water resources can improve the yield of high-quality forage and resolve the
problem of livestock forage shortage. This can also play an important role in improving
the carrying capacity of pastures, thereby reducing the pressure on natural steppes and
promoting water-forage-livestock system balance (Lu et al., 2016, 2018). However,
irrigated artificial grasslands in the Inner Mongolia typical steppe areas are restricted by
arid climate. In most cases, irrigation can only be obtained via pumping groundwater,
because these areas are mainly distributed in the semi-arid region of Eurasia (Tong et
al., 2004), in which the vast majority of the rivers are seasonal inland rivers (Batnasan,
2003), among which hydrological and geographical features are characterized by
precipitation rarely flowing into rivers or groundwater. Evapotranspiration (ET) is the
main mode of water vapor exchange between the underlying surface and atmosphere
(Yamanaka et al., 2007). This hydrographic feature has led to a lack of local surface
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water resources, which in turn makes it difficult for agricultural development. The Xilin
River is the only seasonal inland river in the basin, and supplies water for various
purposes, except irrigation. Therefore, the water required for irrigating artificial
grasslands is sourced from local groundwater, in addition to precipitation. Owing to
limited precipitation, crops grown on artificial grasslands must be irrigated. Pumping
groundwater to satisfy the crop growth needs of irrigated artificial grasslands bring
benefits to the regional economy, but consumes a large amount of groundwater,
affecting the hydrological cycle in the steppe areas. The advantages and disadvantages
of this water consumption need to be determined. Therefore, accurate monitoring of the
water consumption for irrigated artificial grasslands, especially local groundwater
consumption, can help determine regional irrigation water consumption and water
resource management decisions (Liou and Kar, 2014; Pedro-Monzonis et al., 2015;
Numata et al., 2017; Talsma et al., 2018).

Many ET monitoring and estimation methods have emerged with related theoretical
research. These include the water balance method, aerodynamics methods, and scintilla
meter measurements (Bowen, 1926; Thornthwaite, 1948; Howell et al., 1991; Rana and
Katerji, 2000). These methods have displayed the ability to describe the characteristic
rules of the ET processes at micro and farmland scales in detail (Liou and Kar, 2014). In
addition, they have also provided important references and basic information for water
vapor exchanges on underlying surfaces, decision-making with respect to farmland
irrigation, comprehensive water resource management, and so forth (Long and Singh,
2013; French et al., 2015; Xu et al., 2015). However, in terms of regional ET
estimation, owing to fluctuations in weather conditions and the dynamic nature of
water-heat transfer processes (Gao et al., 2008), it has been determined that these
traditional point-scale monitoring methods and approaches cannot fully reflect the
actual characteristics of spatial changes in ET (Su et al., 2003; Cai et al., 2009; Monteith
and Unsworth, 2013; Taherparvar and Pirmoradian, 2018). It has been determined that
remote sensing technology can offer a new approach for regional ET estimation.
Because of the spatial continuity and large span characteristics of remote sensing, the
water that is consumed during ET can be derived directly, without the need to quantify
other complex hydrological processes (Trezza et al., 2013).

ET models using remote sensing technology have been developed in recent years,
including empirical methods and mechanism methods. Many achievements in theory
innovation and method techniques have been presented (Khand et al., 2017). Among
these proposed methods, two-source energy balance (TSEB), surface energy balance
index (SEBI), simplified surface energy balance index (S-SEBI), surface energy balance
algorithm for land (SEBAL), mapping evapotranspiration at high resolution with
internalised calibration (METRIC) model have been widely used to calculate regional
ET based on the theory of energy balance (Menenti, 1993; Norman et al., 1995;
Bastiaanssen et al., 1998; Roerink et al., 2000; Su, 2002; Allen et al., 2007; Yang et al.,
2010). As a typical representative of estimating regional ET by using remote sensing,
the METRIC model is a variant of the SEBAL model that implements the residual
method to calculate regional ET (Spiliotopoulos et al., 2017; Zamani Losgedaragh and
Rahimzadegan, 2018). The METRIC model has been successfully used in many areas,
as a physical model for high-precision estimation of regional ET (Allen et al., 2007,
2013; Morton et al., 2013; Pago et al., 2014; Reyes-Gonzalez et al.,, 2017;
Spiliotopoulos et al., 2017).
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The objective of this paper is to use high-resolution Landsat images as an example to
estimate the regional ET for irrigated artificial grasslands in the Inner Mongolia typical
steppe areas by the METRIC model. Based on the development model of current
groundwater by irrigated artificial grasslands, groundwater consumption (GW) and its
law in the crop growth season are analyzed to accurately simulate and monitor the
hydrological cycle in the Inner Mongolia typical steppe areas.

Materials and methods
Study area

The Xilin River Basin is a typical inland river basin in the Inner Mongolia typical
steppe areas of China (Chen, 2002). The basin, with an area of approximately
11,172 km? (115.53°~117.25°E, 43.41°—44.63°N), has a typical continental temperate
semi-arid climate. In accordance with the statistical data of the Xilinhot Station detailed
on the National Meteorological Data website, the multi-year (period 1971-2011)
average precipitation, ET from the water surface, air temperature, and wind speed are
263.5 mm, 1,904 mm, 3°C, and 3.4 m s, respectively. The average precipitation
gradually decreases from the southeast to northwest (Sheng, 2017) (Fig. 1).
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Figure 1. Distribution for irrigated artificial grasslands in Xilin River Basin

The planted area of the irrigated artificial grasslands in 2011 was approximately
257.3 km? (Fig. 1). The crops were silage maize (128.6 km?), potato (96.5 km?), alfalfa
(25.8 km?), and green millet (6.4 km?). The management departments included co-ops
(such as Hezhongmumin farm) and companies (Woyuan cow farm, Maodeng farm,
Baiyinxile farm). Because of the effective accumulated temperature restriction, the crop
growth season is from May to September every year with an irrigation quota of 400-
700 mm. These crops bring benefits to the regional economy while consumes a large
amount of water. In addition, amid limited precipitation, the crops grown on artificial
grasslands must be irrigated. However, there is only one seasonal inland river in the
basin, the Xilin River that supplies water for various purposes except irrigation.
Therefore, the water required for irrigating artificial grasslands is sourced from local
groundwater, apart from precipitation. Irrigation has a great impact on local water
resource management.
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Data
Landsat images

In this study, Landsat-5 and Landsat-7 images were chosen to estimate ET. In the
data bands of these images, visible light and near-infrared bands have a high spatial
resolution of 30 m, which satisfies the validation requirements for the spatial accuracy
of ET estimation results in this study. In combination with the cloud cover of the study
area, the effective 8-day sunshine data during the crop growth season (from May to
September) of 2011 (day of the year from 121 to 273) were used to calculate the long-
time scale of ET (Table 1). All the data were obtained from the United States
Geological Survey (http://glovis.usgs.gov/).

Table 1. Landsat-5/7 TM data information (PATH 124, ROW 29/30)

Date Day (OI; (t)r;?)year Cloud(g/c;;/erage Sensor
2011/04/12 102 1 Landsat-5
2011/05/14 134 8 Landsat-5
2011/05/22 142 23 Landsat-7
2011/08/02 214 0 Landsat-5
2011/08/10 222 0 Landsat-7
2011/09/11 254 0 Landsat-7
2011/09/19 262 2 Landsat-5
2011/10/05 278 6 Landsat-5

Meteorological data

Meteorological data included air temperature, wind velocity, water vapor pressure,
solar radiation, humidity, and precipitation in the seven weather stations of East
Ujimgin Banner, Abag Banner, Huade County, West Ujimgin Banner, Xilinhot City,
Linxi County, and Duolun County (Fig. 1). Among these, the air temperature data were
used to calculate the surface temperature and net radiation by the METRIC model; the
wind velocity data to calculate the aerodynamic resistance by the METRIC model; and
the water vapor pressure data to calculate atmospheric transmittance and surface albedo
by the METRIC model (Bastiaanssen et al., 1998; Allen et al., 2007). Other parameters
such as solar radiation and humidity were used to calculate reference crop
evapotranspiration (ETo) by FAO Penman-Monteith equation (Allen et al., 1998). The
meteorological data were obtained from the National Meteorological Data Information
Center (http://data.cma.cn/).

Evapotranspiration measurement data

The ET measurement data were obtained from the eight irrigation monitoring
stations (IMS) (Fig. 1). The crop cultivated in the monitoring station was silage maize.
The average volumetric weight of soil was 1.54 - 1.82 g cm™ for a thickness varying
from 0 to 100 cm. The field water holding capacity (¢r) was 14.3% - 19.0% (accounting
for the dry soil weight), and the buried depth of the groundwater level was over 3 m.
Based on water balance method, the water consumption data of the silage maize growth
period were calculated to evaluate the results of the METRIC model.
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Methods
METRIC model

The SEBAL model is the theoretical basis of the METRIC model (Bastiaanssen et al.,
1998a, b; Allen et al., 2007). In the model, by considering the interference of the
underlying surface elevation, slope gradient, slope direction, and other factors, the surface
information obtained through remote sensing are converted to surface albedo, surface
emissivity, vegetation index, roughness length, surface temperature, and other
characteristic parameters. This model is combined with the meteorological observational
data of the underlying surfaces to calculate the regional ET (Allen et al., 2007; Gonzalez-
Dugo et al., 2012). The theoretical equation is given as follows:

LE=R —G—H (Eq.1)

where LE is the latent energy consumed by ET; Ry is the net radiation; G is the soil heat
flux; and H is the sensible heat flux. Each energy component is generally expressed in W
m-2.

(1) Net radiation

Rn denotes the difference in the whole-band radiation quantity between the downward
projection from the sky (including the sun and the atmosphere) and the upward projection
from the Earth’s surface (including soil, plants, and water). This parameter represents the
main power source for the energy and water transmission of the underlying surfaces
(Allen et al., 2007):

Rn = (1—06) Kin + (Lin - Lout) _(1_‘9) Lin (qu)

where a is the surface albedo (dimensionless); Kin is the incoming short-wave radiation
(W m); Lin is the incoming long-wave radiation (W m2); Loyt is the outgoing long-wave
radiation (W m); and ¢ is the broad-band surface emissivity (dimensionless).

(2) Soil heat flux

G refers to the part of energy stored in vegetation and soil due to conduction, and its
changes are mainly affected by net radiation, surface temperature and the vegetation cover
on underlying surfaces. For the comprehensive analysis in this study, the achievements of
Wright and Bastiaanssen are referred as follows (Wright, 1982; Bastiaanssen et al., 1998):

T,-27315
(24

G (0.0038c +0.0074¢.%) x 1—0.978NDVI ) R, (Eq.3)

where Ts is the surface temperature (K); and NDVI is the normalized difference
vegetation index (dimensionless).

(3) Sensible heat flux

H is a parameter, describing the exchange of energy between land surfaces and
atmosphere, in which energy is transferred from the Earth’s surface to the atmosphere
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through convection or conduction. The calculation of H in the METRIC model is based
on the following assumptions: dry and wet pixels exist in the study area; and there is a
linear relationship between the temperature difference dT (dT = T1-T>) at z: and z» above
the height of the zero-plane displacement and Ts. The space interpolation of the
meteorological data on the underlying surfaces can then be avoided. Furthermore, the
errors due to Ts are corrected to calibrate the calculation results of each pixel in remote
sensing imaging through the elevation, slope gradient, and slope direction:

dT
H= paircp r_ (Eq4)

a

where pair is the air density (kg m™); ¢, is the air specific heat capacity at a constant
pressure (1,004 J kg K1); and ra is the aerodynamic resistance between two near
surface heights, which has been calculated by the Monin—-Obukhov theory (Allen et al.,
2007); The calculation equations is given as follows:

dT = a-I_s,adtum + b (Eq5)

T

s.adum = 15 +0.0065AZ (Eq.6)
where a and b are empirical constants; Tsadwm IS the surface temperature adjusted to a
common elevation data for each image pixel by using a digital elevation model and
customized lapse rate (K); For non-planar areas, it is necessary to use the numerical
elevation difference AZ for the corrections; and AZ is the difference between the
elevation of each pixel and the reference elevation (m).

Dry and wet pixels are the two extreme pixels required for calculation using the
METRIC model. Dry pixels refer to the dry idle wasteland or bare land areas without
vegetation cover; these pixels are characterized by high temperature and almost zero ET
(Bastiaanssen et al., 1998; Allen et al., 2007). In this study, dry pixels approximately
satisfied LE~0. The dry end of the dT function is estimated by rearranging Equation 4
for a selected dry pixel in the image:

_ (Rn _G)dryradry

dry —
pairdrycp

dT,

(Eq.7)

where radry 1S ra computed for the roughness and stability conditions of the dry pixel;
and pair dry IS pair calculated at the dry pixel.

Wet pixels refer to areas with adequate water supply, dense vegetation growth, low
temperatures and potential ET levels in the remote sensing images (Bastiaanssen et al.,
1998; Allen et al., 2007). These could include completely covered areas or open water
masses with good plant growth. For the wet pixels, H=0 is usually set in the SEBAL
model, and such H values are considered in the METRIC model (Allen et al., 2007).

(R —G-H),,r
dTwe — n wet "a wet E 8
t pairwetcp ( q )
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where rawet 1S ra computed for the roughness and stability conditions of the wet pixel;
Pair wet IS pair Calculated at the wet pixel.

The distribution of dT is obtained by extracting the information regarding the dry and
wet pixels (de la Fuente-Saiz et al., 2017). The values for a and b in Equation 5 are
estimated from these two pairs of dT and associated Ts adtum.

a—= dery B dTwet (E 9)
Ts,adtum,dry _Ts,adtumwet q
b= dery - aTs,adtumdry (Eq10)

(4) Surface parameters

Surface parameters contain a, ¢, NDVI, Ts and Momentum roughness length (Zom)
which are crucial in the atmospheric-surface interaction and consequently affect the ET
estimation. Among them, a is computed by integrating band reflectance within the
short-wave spectrum using a weighting function (Allen et al., 2007); ¢ is computed
using an empirical equation (Tasumi, 2003); NDVI is the ratio of the differences in
reflectivity for the near-infrared band and red band to their sum (Allen et al., 2007); Tsis
computed the single window algorithm proposed by Qin (Qin et al., 2010); Zom for each
image is specified by the corresponding NDVI (Allen et al., 2007).

(5) Long-time scale of the daily evapotranspiration

In addition, it is assumed that the instantaneous ET ratio (EFinst, EFinst = LEinst/(Rn-
G)inst) is equal to the daily ET ratio (EF4, EFq = LE4/(Rn-G)d), When the instantaneous
ET is used to calculate the daily ET (ETq) (Bastiaanssen et al., 1998a, b). In this study,
in order to estimate long-time scale of the daily ET, the daily reference ET ratio (ET.F is
the ratio between ETgq and daily ETo, ET:F=ET4/ETo) of the eight DOYs were
calculated, and the crop growth season was divided into seven intervals (Table 1). Each
interval consisted of two DOYs of effective sunshine satellite images. Thereafter, by
assuming that the ETF change between two adjacent effective sunshine days is linearly
correlated with the DOY, interpolation was used to calculate the daily ET during the
period:

ETd,DOY =(cxDOY +d)xET 0,DOY (Eq.11)

._ETF,—ETF,
~ DOY, —DOY,

(Eq.12)

d =ET.F, —cx DOY, (Eq.13)

where ¢ and d are constants; ETqpoy and ETopov are the daily ET and ETo between two
adjacent effective sunshine days respectively; and ET:Fn and ET.Fr are the ET:F when the
DOY is n and DOY is m, respectively (DOYn: 278,262,254,222,214,142,134; DOYn:
262,254,222,214,142,134,102).
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Evapotranspiration of silage maize at irrigation monitoring stations by the METRIC
model

The evapotranspiration of silage maize consumed by the crops were calculated using
the water balance method as follows (Kang, 2007):

ETpe =P, +1—L+K—-AW (Eq.14)

where ETivs is the ET value of IMS; Pa is the effective precipitation; | denotes
irrigation; L is the amount of deep leakage; and K is the groundwater recharge amount.
Because of the fact that the buried depth of the groundwater was greater than 3 m, as
per the observations of a buried negative pressure meter, groundwater recharge was
observed to be minimal; therefore, K~0. AW represents the variation in planned soil
moisture layer during the growth cycle of silage maize. All the above parameters are in
units of mm (Fig. 2a).

Groundwater consumption for irrigated artificial grasslands

Each irrigated artificial grassland is regarded as an independent land unit. According
to the “one piece of sky corresponding to one piece of land,” a land unit is divided into
three spatial structure components: atmosphere, irrigated artificial grasslands, and
groundwater. The inflow of water to irrigated artificial grasslands during the crop
growth season includes Pa from the atmosphere, and K and | from groundwater. Water
consumed by irrigated artificial grasslands includes ET from irrigated artificial
grasslands to the atmosphere, and L from the irrigated artificial grasslands to
groundwater. It is considered that the local groundwater supplements the unsaturated
zone of the irrigated artificial grasslands. This water is still stored in the irrigated
artificial grasslands; thus, it is classified as internal consumption of local water
resources. The rest of the water separates from the irrigated artificial grasslands by ET,
which is the net consumption and defined as the local groundwater consumption. From
another perspective, for the amount of water consumed by the irrigated artificial
grasslands on the underlying surface, and aside from the Pa supply of the atmosphere,
the remainder of the water is sourced from groundwater. Therefore, GW is estimated
using the difference between ET and Pa (Fig. 2b).
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Figure 2. Water balance for irrigated artificial grasslands: (a) evapotranspiration of silage
maize based on water balance; (b) groundwater consumption for irrigated artificial grasslands
based on water balance
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The GW was calculated using the water balance for irrigated artificial grasslands as
follows:

GW =ET - P, (Eq.15)
P,=> Pxo (Eq.16)

where Ps denotes a single rainfall; and o is the effective precipitation coefficient, which
is determined from the measured data. For areas without measured data, the following
values can be referred to as: =0 when Ps<5 mm; =1.0 when 5<Ps<50 mm;
o=0.7 - 0.8 when Ps > 50 mm (Kang, 2007).

The value of GW is the net groundwater consumption of the irrigated artificial
grasslands in the Inner Mongolia typical steppe areas (Fig. 2b). By calculating the value
of GW during the crop growth season, it is possible to visually reflect the amount of
local water consumed by the irrigated artificial grasslands.

Comparison of ETmetric and ETiwvs

ETwmetric Was accurately estimated by computing the mean absolute error (MAE)
and mean relative error (MRE). The values of MAE and MRE were computed as
follows (Mayer and Butler, 1993):

n

Z|ETMEFRIC - ETIMS|
MAE — i=1 (qu?)
n
MRE = lz ETyerme ~ ETws | x100% (Eq.18)

n<| ET s

where ETwetric IS the estimated ET by the METRIC model; and n is the number of
observations.

Results and discussion
Estimated accuracy of evapotranspiration by METRIC model

All the crops grown at the eight monitoring stations were silage maize, with an
average growth period of 97 days. The irrigation methods included central pivot
sprinkler irrigation (CPSI), drip irrigation (DI), low-pressure pipeline irrigation (LPPI),
and semi-fixed irrigation (SFI). The average actual water consumption of silage maize
during the growth period was determined to be 445.10 mm using Equation 14. The
average value of ETmeTric Of silage maize in the eight stations during the growth period
was determined to be 428.73 mm, in which MAE = 16.37 mm and MRE = 13.8%. By
summarizing the previous research results, Kalma reviewed the various estimation
methods of different remote sensing ET, and observed that when compared with the
ground-based ET measurement value, the majority of the relative errors ranged from
15.0% to 30.0% (Kalma et al., 2008). Therefore, in this study it was believed that the
accuracy of long-term scale ET estimation was reasonable and consistent with the
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previous research related conclusions (Allen et al., 2011; Lian and Huang, 2015)
(Table 2).

The estimation results summarized in Table 2 show that the MRE of CPSI and DI is
lower than that of SFI and LPPI by approximately 32.1% and the cause of this
phenomenon was analyzed in this study. The ETwmetric is the regional comprehensive
water consumption of the underlying surface. Within the corresponding time period, the
researchers randomly sampled the field water consumption data, and CPSI and DI was
employed to reflect the actual situation of field water consumption more objectively
than SFI and LPPI, because historical measured data are applied to confirm that the
uniformity of CPSI and DI is better than that of SFI and LPPI. Therefore, ETims by SFI
and LPPI may not accurately reflect the regional comprehensive water consumption as
CPSI and DI do.

Table 2. Comparison of ETwmerric and ETims during the growth period of silage maize

No. Irrigation| Growth cycle Pa | L AW ETivs | ETmeTRIC AE??(I)L:te R::?g;/e
type (DOY-DOY) | (mm) (mm) (mm) (mm) | (mm) (mm) (mm) (%)
IMS1| CPSI 140-243 133.40 | 450.00 / 36.38 | 547.03 | 511.26 35.77 6.5
IMS2| CPSI 145-243 127.30 | 337.50 / 5.28 | 459.52 | 470.32 10.80 2.3
IMS3| CPSI 145-243 127.30 | 375.00 / 35.48 | 466.83 | 490.83 24.00 51
IMS4| CPSI 152-243 127.30 | 405.00 / 33.62 | 498.69 | 469.55 29.14 5.8
IMS5| CPSI 152-243 127.30 | 375.00 / 41.00 | 461.31 | 479.02 17.72 3.8
IMS6 DI 156-250 127.30 | 142.00 1.73 -10.54 | 278.11 | 308.53 30.42 10.9
IMS7| LPPI 145-243 127.30 | 90.00 / -8.46 | 225.76 | 311.47 85.71 38.0
IMS8|  SFI 145-243 127.30 | 495.00 / -1.26 | 623.56 | 388.86 | 234.70 | 37.6

Evapotranspiration for irrigated artificial grasslands in the crop growth season

The value of ET for the irrigated artificial grasslands in the Xilin River Basin during
the crop growth season varied from 241.99-741.55 mm, with an average of 611.42 mm,
standard deviation of 80.73 mm, and daily average ET intensity of 4.0 mm d* (Fig. 3a).
Because of the combined effects of climatic conditions, irrigation water volume, soil
texture, vegetation cover, and other factors, the estimation of ET shows obvious spatial
differentiation characteristics. For example, the water consumption in the CPSI areas
were significantly higher than that in the surrounding areas that are not effectively
irrigated (Fig. 3b-e).

Groundwater consumption for irrigated artificial grasslands and its law for different
periods

Precipitation and effective precipitation for irrigated artificial grasslands

The values of P and P4 for the irrigated artificial grasslands, which were determined
to be 207.18 mm and 153.46 mm in 2011, respectively (Table 3) were obtained from
precipitation statistics of the seven weather stations. The Linxi County and Duolun
County stations in the southeast part of the basin presented the greatest precipitation,
while the Abag Banner station in the northwest part of the basin showed the least. P
values during the crop growth season show a parabolic change of first increasing, and
then decreasing, with the maximum appearing in July.
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Table 3. Accumulation of precipitation and effective precipitation in the crop growth season
in 2011

Weather station P May Jun. Jul. Aug. Sep. Accumulation
(location) Pa (mm) | (mm) | (mm) | (mm) | (mm) (mm)
EastUjimgin Banner P 19.2 21.9 68.7 34.0 21.9 165.7
(116.97°E,45.52°N) Pa 6.1 16.0 51.0 22.5 13.2 108.8
Abag Banner P 23.0 30.2 50.5 4.9 10.2 118.8
(114.95°E,44.02°N) Pa 9.4 12.9 39.7 0.0 5.9 67.9
Huade County P 36.1 45.0 457 42.7 9.8 179.3
(114.00°E,1.90°N) Pa 32.6 26.1 21.8 37.6 0.0 118.1
WestUjimgin Banner P 29.2 21.7 230.2 4.3 7.9 299.3
(117.60°E,44.58°N) Pa 15.0 209 | 202.1 0.0 0.0 238.0
Xilinhot City P 23.9 57.1 77.2 18.1 3.6 179.9
(116.07°E,43.95°N) Pa 6.1 51.0 64.3 12.0 0.0 133.4
Linxi County P 10.5 58.4 | 263.8 | 31.9 12.6 377.2
(118.07°E,43.60°N) Pa 0.0 50.1 | 187.6 | 295 5.4 272.6
Duolun County P 25.9 75.7 83.8 194 16.4 221.2
(116.47°E,42.18°N) Pa 8.5 73.4 64.2 18.4 10.7 175.2

P and Pa of the irrigated artificial grasslands were calculated on the basis of the
inverse distance weighted interpolation method (Fig. 4). The results indicate that the
corresponding spatial distribution trend of precipitation decreases from southeast to
northwest (Fig. 4a), which is consistent with the trend of precipitation statistics in China
for many years (Huang et al., 2011; Sheng, 2017). Thus, it can be concluded that the
interpolation results are valid.
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Figure 4. Precipitation and effective precipitation values of irrigated artificial grasslands in the
crop growth season: (a) precipitation of irrigated artificial grasslands; (b) effective
precipitation of irrigated artificial grasslands

Groundwater consumption for irrigated artificial grasslands

The value of GW of the irrigated artificial grasslands during the crop growth season
in 2011 was calculated to be 457.86 mm by using Equation 15. According to statistics,
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the planted area of the irrigated artificial grasslands in 2011 was approximately
257.3 km?, and the equivalent water volume was approximately 118 million m3. In
addition, it can be observed that at Woyuan cow farm, Maodeng farm, Baiyinxile farm,
and Hezhongmumin farm, the value of GW of groundwater exceeded 400 mm (Fig. 5b-
e). The local water consumption in these areas was significantly higher than other areas,
making high water consumption areas.

116°0'0"E 116°30°0"E 117°0'0"E
WIMS7
< N
\\'@li
o N
‘ﬂi‘hz
e - Maodeng farm
*
IMS, Y
g L £
£l 1 » :
3 Wovuan cow farm 3 &, 2 =
, - ] v’
« B R
- ' 2
* IMS 9 IMS'S
, M x
Range of GW (mm) i 'w Hezhongmumin farm
= ;::;: iz::x Baivinxile farm
7771 400.01 - 450.00 .
N 450.01 - 500.00 ?\
z z
£| . s00.01-612.40 7 {
g e 5
g P A -y 0 15 okm |
116°0'0"E 116°30°0"E 117°0'0"E
(a) GW values of Xilin River Basin
250 ¢ | GW_min:130.41mm : 250 { GW_min:271.82mm
| GW_max : 583.48mm ' { GW_max :569.23mm

| GW_Average:454.23mm :
GW_Standard deviation: 113.33mm :

P
[l e PO P FE S R R P SR

i GW_Average:488.67mm :
{ GW_Standard deviation : 72.38mm |

200 r

)

00

1.50 r

in

1.00 r 1.00

0.50 r 0.50

percentage of occurrence(%)
percentage of occurrence( %)

0.00 < 0.00
100 200 300 400 500 600 100 200 300 400 500 600
GW (mm) GW (mm)
(b) GW values of Woyuan cow farm (c) GW values of Maodeng farm
'GW_min:184.92mm | : {GW_min:33590mm
100 r | GW_max:595.84mm : 1.00 | GW_max:572.46mm
090 - | GW_Average:440.87mm ; ~ 090 { GW_Average:472.70mm

o

i GW_Standard deviation : 90.73mm { GW_Standard deviation : 52.60mm

S S

3 ¥ 080

§ 070 § 070

5 060 5 060
v

S 050 2 050
”5 Do

o 0.40 $ 040
= &

g 030 £ 030
s 5}

§ 0.20 $ 020
-

2 0.10 2 010

0.00 0.00

100 200 300 400 500 600 100 200 300 400 500 600
GW (mm) GW (mm)
(d) GW values of Baiyinxile farm (e) GW values of Hezhongmumin farm

Figure 5. Groundwater consumption values for irrigated artificial grasslands during the crop
growth season
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Laws of groundwater consumption in different periods

The crop growth season of the irrigated artificial grasslands is divided into five
periods by month, with an accumulated 153 days (Table 4). In accordance with the
Landsat images and meteorological data, the values of ET, Pa, and GW in different
periods were obtained (Table 4; Fig. 6).

Table 4. Groundwater consumption of the irrigated artificial grasslands in different periods
(all parameters are in units of mm)

May Jun. Jul. Aug. Sep. Accumulation
DOYn - DOY, 121-151 152 -181 182 - 212 213 - 243 244 - 273 153
Avg.ET 71.22 136.72 141.63 160.45 101.40 611.42
Avg.P, 7.28 44.80 86.25 12.86 2.27 153.46
Avg.GW 63.94 91.92 55.38 147.59 99.13 457.96

Avg.ET, Avg.P,, Avg.GW are calculated by average of ETmerric values, P, values, GW values in the
Xilin River Basin, respectively

180 - ZET #P, BGW -
160

140
120
100 -
80 -
60
40
20

99.13

Value (mm)

May Jun. Jul. Aug. Sep.

Figure 6. Laws of groundwater consumption in different periods (all parameters are in units of
mm)

The values of ETwmetric Of the irrigated artificial grasslands during the crop growth
season show a parabolic change of “first increasing, and then decreasing”. With the
increase in temperature, the value of ET is the maximum in July and August. The
change in values of ET are highly consistent with the water consumption laws of crop
growth (Tong et al., 2014). However, because of the influence of precipitation, the
variation in the values of GW and ET change during different periods are significantly
different, with details as follows: During the high-water consumption period of the crop
growth season (July), precipitation is higher, while the values of GW of the irrigated
artificial grasslands are relatively low. In addition, the value of precipitation in the study
area is significantly lower in August, which results in the water consumption of the
underlying surface being chiefly provided by regional groundwater resources, and the
value of GW for the irrigated artificial grasslands is maximum. The above results show
that the change in the values of GW are affected by not only the crop growth period on
the underlying surface but also by weather factors such as precipitation, which cannot
be ignored.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(6):13759-13776.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1706_1375913776
© 2019, ALOKI Kft., Budapest, Hungary



Wang et al.: Estimation of evapotranspiration for irrigated artificial grasslands in typical steppe areas using the METRIC model
- 13773 -

Conclusions

In this study, the METRIC model was used for estimating the regional ET of the
irrigated artificial grasslands in the Inner Mongolia typical steppe areas. The results
were verified through the water balance method of eight irrigation monitoring points,
with an MRE = 13.8%. Combined with the previous remote sensing estimation of
regional ET, the results show that the use of the METRIC model to estimate the ET of
the Xilin River Basin, which is located in a typical steppe area, is reliable.

To analyze the consumption of local water resources, the spatial structure of the
irrigated artificial grasslands are reclassified. The value of GW is introduced as the net
consumption of local groundwater resources. Furthermore, the value of GW during the
crop growth season in the Xilin River Basin is calculated. The crops planted over an
area of 257.3 km? of the irrigated artificial grasslands consumed a total of
118 million m® of groundwater during the crop growth season. The net groundwater
consumption of each of the farms, including that of Woyuan cow farm, Maodeng farm,
Baiyinxile farm and Hezhongmumin farm, exceeded 400 mm. These areas with high
water consumption face difficulties in water resource management, particularly when
there is no external water supply.

The water consumption of the underlying surface of a typical steppe is complex, and
has several influencing factors such as climate and anthropogenic influence. In addition,
its characteristic laws are variable at different time scales. In order to determine the
impact of irrigation artificial grasslands on local groundwater resources, future studies
performed on GW should be conducted based on monitoring data of groundwater level.
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